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ABSTRACT 

The  cubic  nonlinearity  of  semiconductor 
quantum  dots  with  resonant  (lh^2e)  and  nonresonant 
excitations  was  investigated  with  Z-scan  and  four-wave 
mixing  (FWM)  spectroscopy.  Z-scan  spectroscopy 
revealed  positive  nonlinear  absorption  and  negative 
nonlinear  refraction  of  CdSe  quantum  dots.  The 
hyperpolarizability  of  the  quantum  dots  with  resonant 
degenerative  FWM  was  almost  two-orders  higher  than 
that  with  nonresonant  excitation.  The  possible  physical 
origins  of  the  cubic  nonlinearity  of  the  quantum  dots 
were  dominant  two-step  resonant  absorption  with 
resonant  excitation  and  multiple  nonlinear  processes 
including  a  large  contribution  of  the  electronic 
polarization  process  with  both  resonant  and  nonresonant 
excitations. 

1.  INTRODUCTION 

Colloidal  semiconductor  nanocrystals  have 
drawn  significant  attention  because  of  their  distinct  roles 
in  nonlinear  photonic  applications  using  large  nonlinear 
optical  properties  with  wide  bandgap  tunability.  The 
nonlinear  optical  properties  and  applications  of  the 
colloidal  semiconductor  nanoscale  materials 
significantly  changes  with  resonant  and  nonresonant 
excitation  processes.  The  processes  leading  to  non¬ 
resonant  nonlinearity  are  usually  in  relatively  fast  time 
scales,  which  are  good  candidates  for  optical  switching 
and  nonlinear  transmission  photonic  applications.  On  the 
other  hand,  the  processes  causing  resonant  nonlinearity 
are  usually  in  relatively  slow  time  scales,  which  results 
in  huge  optical  nonlinearity.  Resonant  nonlinear  optical 
materials  are  widely  utilized  for  Q-switching  using  a 
negative  nonlinear  absorption  property,  and  for  nonlinear 
transmission  using  a  positive  nonlinear  absorption 
property  as  well  as  nonlinear  refraction  property  or 
nonlinear  phase  changes. 

In  this  paper,  we  present  the  resonant 
(lh->2e)  and  nonresonant  nonlinear  optical  properties 
of  CdSe  nanocrystals  using  Z-scan  and  degenerate  four- 


wave  mixing  (DFWM)  by  nanosecond  laser  pulse  at  532  nm 
and  1064  nm  (Continuum,  Surelite  II,  Nd:YAG  laser)  with 
6-ns  pulse  width  and  10-Hz  repetition  rate. 

2.  EXPERIMENT 

CdSe  colloidal  quantum-dot  nanocrystals  for  Z- 
scan  and  DFWM  spectroscopy  were  prepared  by  injecting  Se 
solution  (a  mixture  of  Se,  tributylphosphine 
(TOP),  octadecene,  and  toluene)  into  the  completely 
dissolved  CdO  (by  stearic  acid)  solution  (a  mixture  of 
octadecene,  trioctylphosphineoxide  (TOPO), 

and  hexadecylamine)  at  280  °C.  Then,  the  CdSe  colloidal 
quantum  dots  were  collected  at  240  °C  in  different  time 
intervals  to  obtain  CdSe  nanocrystals  with  different  sizes 
[1,2,3]. 

Numerous  nonlinear  optical  spectroscopic 
techniques  of  wave  mixing  or  transmission  methods  have 
been  utilized  to  study  nonlinear  refraction  and  nonlinear 
absorption  coefficients  or  third-order  nonlinear 
susceptibility  of  optical  materials  [4, 5, 6, 7, 8, 9].  For  the 
transmission  methods,  the  nonlinear  refractive  index 
coefficient  (y)  of  an  optical  material  can  be  extracted  from 
any  closed  Z-scan,  closed  I-scan  and  closed  S-scan 
measurements  [10],  where  Z  is  the  sample  position,  I  is  the 
peak  intensity  of  the  input  laser  beam,  S (Za,  ra )  is  the  linear 
transmittance  at  the  aperture,  Za  is  the  displacement  of  the 
aperture  from  the  focal  plane,  and  ra  is  the  aperture  radius 
size.  I-  and  S-scan  methods  are  useful  when  it  is 
inconvenient  to  move  the  sample  or  when  a  sample’s  motion 
produces  problems  in  Z-scan  [10].  On  the  other  hand,  the 
nonlinear  absorption  coefficient  (/?)  is  obtained  by  using 
open  Z-scan  or  open  I-scan  measurements.  Z-scan  and  I- 
scan  nonlinear  spectroscopy  have  been  used  as  a  standard 
tool  for  measuring  both  nonlinear  absorption  and  nonlinear 
refraction  of  optical  materials.  Both  nonlinear  spectroscopic 
techniques  are  simple  and  highly  sensitive  [4,11].  Closed  Z- 
scan  is  based  on  self-focusing  (valley-peak  trace,  positive 
nonlinearity)  or  defocusing  (peak-valley  trace,  negative 
nonlinearity)  of  an  optical  beam  through  the  nonlinear 
materials  as  shown  in  figure  1  (b)  [12].  Using  a  single 
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Gaussian  laser  beam,  the  transmittances  of  a  nonlinear 
medium  are  related  to  the  nonlinear  susceptibilities. 

The  DFWM  technique  was  also  often  utilized 
for  measuring  nonlinearity  of  optical  materials  through 
interaction  between  four  light  waves  with  the  same 
angular  frequency,  in  which  three  of  the  four  light 
waves  are  the  incident  light  and  the  another  light  wave 
is  the  signal  or  conjugate  light. 


Fig.  1.  Schematic  diagram  of  open  (a)  and  closed  (b)  Z- 
scan  nonlinear  spectroscopy. 

In  the  forward  DFWM  experiment,  two  laser 
beams  with  wave  vectors  £7  and  k2  were  focused  in 
coincidence  on  the  sample,  whose  thickness  was  1  mm, 
at  a  small  angle  of  -0.74°.  The  laser  beam  passed 
through  an  attenuator  for  intensity  adjustment.  The  two 
spatially  and  temporally  overlapped  beams  wrote  a 
dynamic  grating  in  the  sample  and  then  the  beams 
themselves  were  diffracted  by  the  grating  in  directions  of 
2krk2  and  2k2-kh  respectively.  Since  beam  kj  is  much 
stronger  than  beam  k2 ,  the  signal  in  the  2krk2  direction  is 
much  stronger  than  that  in  the  2k2-k}.  The  diffracted 
signal  in  the  2krk2  direction,  which  was  proportional  to 
the  third-order  nonlinear  susceptibility  was  detected 
by  a  photomultiplier  and  boxcar  average  system. 


Fig.  2.  Schematic  diagrams  of  parallel  (a)  and  orthogonal 
(b)  DFWMs. 

Polarization-dependent  DWFM,  as  shown  in 
figure  2,  is  a  useful  tool  for  measuring  different 
components  of  x^\jki  (where  ijkl=x,  y,  z),  of  which  allows 
the  analysis  of  the  contribution  of  electronic,  molecular 
reorientation,  and  thermal  contribution  to  the  third-order 
nonlinearity.  For  orthogonal  polarization  between  pump 
and  probe  waves,  there  are  no  intensity  gratings, 


population  gratings,  and  thermal  gratings,  because  the 
intensity  distribution  of  the  interaction  region  is  uniform. 
However,  there  will  be  an  index  grating  due  to  the 
polarization  modulation  of  the  total  field.  The  total  electric 
fields  of  the  incident  light  waves  are  [13] 

E  =  (exEx+eyE2e^)e-iat,  (1) 

where  et  is  the  unit  direction  vector  (i=x,  y), 

Ei  =  Apumpelkz ,  E2  =  Aprobeelkzcos0  ,  Aj  is  the  amplitude  of 

light  waves  (J=  pump,  probe),  <f)='^Lnaxsine  ,  ^  is  the 

wavelength  of  light,  co  is  the  angular  frequency  of  light,  nQ  is 
the  linear  refractive  index  of  material,  and  0  is  the 
interaction  angle.  The  state  of  polarization  of  the  total  field 
is  a  periodic  function  of  x.  The  various  polarization  states 
make  a  polarization  grating  in  the  material.  The  incident 
pump  light  wave  is  scattered  by  this  polarization  grating, 
which  was  formed  by  the  pump  and  probe  light  waves. 


3.  OPTICAL  PROPERTIES  OF  CDSE 

NANOCRYSTAL  QUANTUM  DOTS 

The  typical  linear  absorption  spectra  of  colloidal 
CdSe  quantum  dots  in  toluene  are  shown  in  figure  3.  The 
absorption  spectra  of  semiconductor  nanocrystals  with  size 
near  the  exciton  Bohr  radius  clearly  exhibit  discrete  features 
because  of  transitions  coupling  electron  and  hole  quantized 
states.  The  semiconductor  nanocrystals  also  exhibit  a  strong 
blue-shift  of  energy  bandgap  compared  with  that  (-714  nm) 
of  CdSe  bulk  materials  because  of  their  quantum 
confinement.  The  average  diameter  of  CdSe  nanocrystals 
was  -3.5  nm.  Absorption  peaks  of  CdSe  nanocrystals  were 
-565,  537,  469  and  405  nm.  Absorption  coefficients 
( a  =  2.3  A/  d,  d  =  1  cm)  at  532  nm  were  3.5,  1.5,  0.76,  and 

0.35  cm'1  for  different  concentrations  in  parallel  DFWM, 
-0.03,  0.09,  0.18,  0.25,  and  0.34  cm'1  for  different 
concentrations  in  orthogonal  DFWM. 
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Fig.  3.  Absorption  spectra  of  CdSe  nanocrystals  in 
toluene  for  parallel  (a)  and  orthogonal  (b)  resonant 
DFWMs  and  for  parallel  and  orthogonal  nonresonant 
DFWMs  (c).  Average  diameter  of  CdSe  nanocrystals 
was  -3.5  nm,  Exciton  absorption  peaks  were  -565 
(lh->le),  537  (lh->2e),  469  (lh->3e),  and  405  nm 
(lh->4e). 


The  linear  refractive  index  of  CdSe 
nanocrystals  was  calculated  to  be  -2.34  for  -3.5  nm 
average  diameter  [14], 
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where,  £buik  ~  6.2  is  the  dielectric  constant  of  bulk  CdSe, 
and  D  is  the  average  diameter  of  CdSe  quantum  dots  in 
nm  unit. 


The  third-order  nonlinear  coefficients  of  CdSe 
quantum  dots  were  estimated  by  measuring  the 
transmittance  of  a  nonlinear  medium  through  a  finite 
aperture  in  the  far  field  as  a  function  of  the  sample 


position  Z  with  respect  to  the  focal  plane.  The  open  and 
closed  Z-scans  were  used  to  estimate  the  nonlinear 
absorption  and  refraction  coefficients,  respectively.  The  laser 
power  transmission  through  the  sample  was  measured  with 
open  and  closed  apertures  in  the  far- field  region  as  a  function 
of  the  position  of  the  sample  [15,  16], 

f 

00  7  +  z2  /  Zn 

T(z,S  =  1)=  Z  for  q< 1  (3) 

rn=0  (m  +  if  2 

The  normalized  transmittance  of  a  nonlinear  medium  for  the 
open  aperture  (S=l)  Z-scan  and  I-scan  spectroscopy  is  a 
function  of  nonlinear  absorption  (/?),  where  q(r,z,t)  = 
pi(r,z,t)Lejj,  Lefj=  (l-eaL)/a  ,  L=  1  mm  is  the  thickness  of  the 
sample,  a  is  the  linear  absorption  coefficient  and  /?  is  the 
nonlinear  absorption  coefficient.  The  condition  of  the  thin 
sample  approximation,  z0=ncoo/. 2  -  1.2  mm  >  Z,  was 
satisfied,  where  z0  is  the  Rayleigh  range,  co0  is  the  beam 
radius  at  the  focal  plane  and  2  is  the  laser  wavelength.  The 
linear  transmittance  of  the  aperture  for  a  spatial  Gaussian 

input  beam  is  S  =  1-  exp{-  2r^  /  w2  ]  ,  where  ra  is  the 

aperture  radius,  and  coa  is  the  beam  radius  at  the  aperture  in 
the  linear  regime.  Sensitivity  of  the  difference  between  the 
normalized  peak  and  valley  transmittance  increases  for 
smaller  linear  transmittance  of  the  aperture  (S«l)  for  the 
given  phase  shift  .  The  on- axis  normalized 

transmittance  through  a  nonlinear  absorptive  and  refractive 
material  for  the  closed  aperture  (S«l)  and  I-scan 
spectroscopy  is  given  by  [17], 


Tm(z,S«l)  =  l 
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z0 ,  is  the  linear  phase  parameter,  dsa  is  the  propagation 
distance  from  the  sample  to  the  aperture  plane, 
t)  =  Jql0( t )Leff  is  the  on-axis  phase  shift,  70  is  the 


laser  intensity  at  the  focus,  and  y  is  the  nonlinear 
refraction  coefficient. 


The  nonlinear  refraction  and  absorption 
coefficients  of  the  sample  (dots  in  matrix)  are  assumed 
to  be  an  addition  of  that  of  quantum  dot  and  matrix 
contributions  [  18  ].  The  total  third-order  nonlinear 
susceptibility  of  the  dilute  solution  (volume  fraction  « 
1)  is  given  by  [19,  20], 


y(^)  =  y(3)  +  y(V 

A  tot  Ad0t_eff  A  toluene’ 


(5) 


where,  Xtot  and  Ztoluene  are  third-order  nonlinear 
susceptibilities  of  the  sample  (dots  in  matrix)  and  toluene, 
and  Xdot  eff  effective  third-order  nonlinear 

susceptibility  of  CdSe  quantum  dots.  The  effective  third- 
order  nonlinear  susceptibility  %^ot  eff  includes  the 

dielectric  effect  of  nanocrystals  and  toluene.  Therefore,  the 
effective  third-order  nonlinear  susceptibility  of  quantum 
dots  is  given  by  simply  subtracting  the  third-order 

susceptibility  of  toluene  from  the  Xtot  °f  the  sample  (dots 
in  matrix).  The  nonlinear  transmittance  of  closed  and  open 
Z-scan  of  pure  CdSe  semiconductor  nanocrystals  (figure  6) 
were  extracted  by  simply  dividing  that  of  CdSe  dots  in 
toluene  (figure  4)  with  that  of  toluene  (figure  5)  for  a  same 
input  intensity.  The  sign  of  nonlinearities  of  CdSe  quantum 
dots  and  toluene  matrices  were  negative  nonlinearities  (self- 
defocusing)  and  positive  (self-focusing),  respectively.  The 
nonlinear  refraction  and  absorption  coefficients  of  pure 
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toluene  were  extrapolated  by  fitting  with  the  nonlinear 
transmittance  using  the  equations  (3)  and  (4).  The  third 
order  nonlinear  susceptibility  of  pure  CdSe  was 
estimated  with  the  following  equation  using  the 
nonlinear  refraction  and  absorption  coefficients, 


J3)  4  2 


(6) 


where,  Rejj[DJ  =  —n^E0cy  is  the  real  part  of  %(3),  and 


Im  =  —n3£0c'kfi  is  the  imaginary  part  of  %(3). 
3n 


Fig.  4.  Nonlinear  transmittance  of  closed  and  open  Z- 
scan  of  CdSe  NCs  in  toluene.  The  nonlinear  refraction 
and  absorption  coefficients  of  CdSe  NCs  in  toluene  were 
-1.94xl0'17  m2/W  and  6.50xl0'n  m/W  at  532-nm 
wavelength  and  in  6-ns  pulse  width.  The  diameter  and 
concentration  of  NCs  were  3.5  nm  and  9.11xl0'3 
mol/m3. 
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Fig.  5.  Nonlinear  transmittance  of  closed  and  open  Z- 
scan  of  toluene.  The  nonlinear  refraction  coefficient  of 
CdSe  NCs  in  toluene  was  4. 85x1 0'18  m2/W  at  532-nm 
wavelength  and  in  6-  ns  pulse  width. 


Sample  position  (mm) 


Figure  6.  Nonlinear  transmittance  of  closed  and  open  Z-scan 
of  pure  CdSe  NCs.  The  nonlinear  refraction  and  absorption 
coefficients  of  CdSe  NCs  in  toluene  were  -9. 55x1 0'18  m2/W 
and  4.49x1 0'11  m/W  at  532-nm  wavelength  and  in  6-ns  pulse 
width.  The  diameter  and  concentration  of  NCs  were  3.5  nm 
and  9.11xl0'3  mol/m3  The  positive  nonlinear  absorption 
with  resonance  excitation  implies  that  the  absorption  cross- 
section  of  the  excited  state  is  larger  than  that  of  the  ground 
state. 


Fig.  7.  The  pictures  show  the  probe,  pump,  and  self- 
diffraction  light  from  the  CdSe  quantum  dot  sample  for 
parallel  (a)  and  orthogonal  (b)  DFWMs. 

In  the  polarization  dependent  DFWM  experiment, 
the  angle  of  interaction  or  diffraction  and  the  Kein  and  Cook 
parameter  Q  were  ~0.74°  and  2.96,  respectively.  The  Kein- 

Cook  parameter  is  given  as  Q  =  2nLgX/  n0A2 ,  where,  Lg  is 

the  grating  thickness,  and  A  is  the  grating  pitch  [21].  The 
diffraction  from  the  laser  induced  gratings  with  small  Q  (i.e., 
Q<1)  is  called  Raman-Nath  diffraction.  However,  the 
scattering  light  from  the  grating  with  large  Q>10  is  called 
Bragg  diffraction.  Figure  7  shows  the  probe,  pump,  and  self- 
diffracted  light.  The  first  light  is  the  diffraction  light  of  the 
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(8) 


probe  light  from  the  laser  induced  gratings,  and  the 
second  and  third  light  are  the  probe,  and  pump  light, 
respectively.  The  fourth  light  is  the  self-diffracted  light 
or  signal  beam  of  the  pump  from  the  laser  induced 
gratings.  The  clear  multiple  diffractions  imply  that  the 
Raman-Nath  diffraction  effect  is  still  dominant  for  the 
Kein  and  Cook  parameter  Q  ~  2.96. 

Figure  8  shows  logarithmic  plots  of  the  DFWM 
signal  from  CdSe  nanocrystals  with  resonance  (lh->2e, 
a  and  b)  and  nonresonant  (c  and  d)  excitations  as  a 
function  of  total  pump  intensity  at  around  zero  delay. 
The  input  pump  irradiance  level  was  increased  from  -1 
MW/cm2  to  -100  MW/cm2  during  the  measurement  of 
the  signal  intensity  via  the  pump  intensity  near  zero 
delay.  The  signal  intensity  was  varied  as  l19~3J  for 
parallel  DFWM  and  f-70~3-16  for  orthogonal  DFWM  with 
resonant  excitation  indicating  the  dominance  of  a  third 
order  nonlinearity.  Also,  the  FWM  signal  intensity  had  a 
strong  cubic  dependence  of  /3-°~3-05  for  parallel  DFWM 
and  an  j199~3-09  for  orthogonal  DFWM  to  the  nonresonant 
excitation  intensity  at  1064  nm,  which  indicated  a  cubic 
nonlinearity.  Thus  the  third-order  nonlinearity  of  the 
samples  can  be  safely  extracted  from  the  degenerate 
four- wave  mixing  measurement  in  this  intensity  range. 


Fig.  8.  Logarithmic  plot  of  the  parallel  and  orthogonal 
DFWM  signals  (a,  b)  in  CdSe  nanocrystals  at  532  nm 
and  those  (c,  d)  at  1064  nm  as  a  function  of  total  pump 
intensity  at  around  zero  delay. 


The  third-order  nonlinear  susceptibilities  of 
samples  (CdSe  dots  in  toluene  or  toluene  itself)  were 
estimated  using  the  following  equation  (7)  for  resonant 
excitation  at  532  nm  and  equation  (8)  for  nonresonant 
excitation  at  1064  nm  by  comparison  of  the  FWM  signal 
beams  of  samples  with  that  of  CS2  measured  under 
identical  conditions  [22], 
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where  /  is  the  intensity  of  the  FWM  signal  beam,  n  is  the 
linear  refractive  index  ( ns(CdSe)\  given  by  equation  (2), 
nR(CS2)~1.63  [23]),  L  ( LS=LR=1  mm)  is  the  sample  path 
length  in  DFWM,  _  a  =  2.3 A/ d,  d  =  1  cm  ,  see  figure  1)  is 

the  linear  absorption  coefficient  of  the  sample  at  532  nm,  and 
S  and  R  indicate  sample  and  reference.  The  excellent  and 
stable  third-order  optical  response  solvent,  carbon  disulfide 
(CS2,  99+  %,  spectrophotometric  grade,  Aldrich),  was 
selected  as  a  reference.  It  has  been  assumed  that  the 
reference  has  no  linear  absorption  at  the  excitation 
wavelength  at  both  532  and  1064  nm.  The  absorption  length 
of  CdSe  in  toluene  for  resonant  DFWM  experiment  was  L 
-  0.35,  0.15,  0.076,  and  0.035  «  1  in  parallel  DFWM  and 
-0.03,  0.09,  0.18,  0.25,  and  0.34  in  orthogonal  DFWM  for 
each  of  the  different  concentrations  as  listed  in  the  figure  3 
(a)  and  (b).  Therefore,  the  equation  (7)  is  appropriate  to 
calculate  the  third-order  nonlinearity  for  the  Kerr-like 
medium. 


Concentration  (10'3  mol/m3) 


■  Parallel  polarization 

—  Linear  fit  (Slope=1 .80x1  O'19) 
^=1.43x1  O'42  m5/V2  (=1.02x1  O'28  e 

Orthogonal  polarization 

—  Linear  fit  (Slope=6.01x10‘20) 
=4.76x1 0'43m5/V2  (=3.41x1  O'29 


0.5  1.0 

Concentration  (10‘2  mol/m3) 


Fig.  9.  Resonant  (lh->2e,  a)  and  nonresonant  (b)  third-order 
nonlinear  susceptibility  as  a  function  of  concentration  of 
CdSe  nanocrystals.  The  slope  of  linear  fitting  revealed  the 
hyperpolarizability  of  CdSe  nanocrystals. 

The  effective  third-order  macroscopic 
susceptibility  of  the  sample  (dots  in  matrix)  is  assumed  to  be 
an  addition  of  that  of  quantum  dot  and  matrix  contributions 
[18,19,20].  The  third-order  nonlinear  susceptibilities  of  pure 
CdSe  semiconductor  nanocrystals  were  simply  subtracted 
from  that  of  CdSe  dots  in  toluene  with  that  of  toluene.  The 
third-order  susceptibilities  y^\xxx  and  X^yxxy  °f  pure  toluene 
were  measured  to  be  -1.58x1  O'21  m2/V2  (1.13x1 0'13  esu)  and 
~1.13xl0'21  m2/V2  (8.07xl0'14  esu)  respectively,  comparing 
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with  the  reference  sample  CS2.  The  ratio  of  third  order 
nonlinearities  %^\xxy  /^\xxx  of  toluene  was  0.72,  which 
indicated  a  large  contribution  of  molecular  reorientation 
process  to  the  third-order  nonlinearity  of  toluene  [24]. 
The  third  order  nonlinear  susceptibility  y^\xxx  and  the 
linear  refractive  index  of  CS2  were  reported  to  be 
~9.5xl0'21  m2/V2  (~6.8xl0‘13  esu)  and  -1.63  at  532  nm 
in  the  nanosecond  time-scale  [  25  ].  Therefore,  the 
effective  third-order  nonlinear  susceptibilities  y^\xxx  and 
X^\xxy  of  semiconductor  nanocrystals  were  ~7.9><1  O'21  - 
2.5xl0'19  m2/V2  (~5.7xl0‘13  -  1.8xlO'n  esu)  for  various 
concentrations  of  quantum  dots  1.2xl0'6  -  9.9xl0'6 
mol/L  in  toluene  and  ~1.02xlO'20  -  9.86xlO'20  m2/V2 
(~7.31xl0'13  -  7.06x1  O'12  esu)  for  various 

concentrations  of  quantum  dots  -l.OlxlO'3  -  1.07xl0'2 
mol/m3  in  toluene. 


The  third-order  nonlinear  susceptibility  of  the 
CdSe  nanocrystals  is  correlated  with  the  dot 
concentration  and  the  effect  of  the  dielectric  confinement 
[26], 

l(3)=f4NayhC  (SI),  (9) 


where  / 


3n 


2 

toluene 


ndot+2n 


2 

toluene 


is  the  local  field  factor,  n  is 


the  refractive  index  ( ndot=ns :  given  by  equation  (1), 
ntoiuene~l-5  [22]),  Na  is  Avogadro’s  number,  and  C  is  the 
concentration  of  CdSe  quantum  dots.  The  second-order 
hyperpolarizability  (/)  of  CdSe  nanocrystals  was 

extrapolated  from  the  slope  ( f4Nayh )  of  the  third- 


order  nonlinear  susceptibility  as  a  function  of 
concentration  plot  as  shown  in  figure  9.  The  resonant 

and  nonresonant  hyperpolarizabilities  Yxxxx  and 

/yXXy  and  of  CdSe  nanocrystals  with  parallel  and 

orthogonal  DFWMs  were  estimated  to  be  -2.23 xlO"40 
m5/V2  (~1.58xl0"26 esu),  ~7.58xl0'41  m5/V2  (~5.43xl0'27 
esu),  ~1.43xl0"42  m5/V2  (~1.02xl0‘28  esu),  and 
~4.76xl0'43  m5/V2  (-3.41  xlO'29  esu)  respectively.  The 
hyperpolarizability  ratios  yh  lYh  of  resonant  and 

J  f  J  jf  yxxy  j  /  XXXX 


nonresonant  were  -0.34  which  indicated  a  large 
contribution  of  electronic  polarization  process  to  the 
third-order  nonlinearity  of  CdSe  quantum  dots.  The  unit 
conversion  between  %(3)  and  /  was  made  based  on  the 
following  relationships  [27], 
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Figure  10.  Nonlinear  transmittance  property  (lower  trace)  at 
Z-1.2  mm  (valley  position)  and  saturable  behaviour  (upper 
trace)  at  z~  -1.0  mm  (peak  position)  of  CdSe  quantum  dots 
as  a  function  of  laser  input  intensity  with  resonant 
excitation.  The  diameter  and  concentration  of  NCs  were  3.5 
nm  and  9.11xl0'3  mol/m3.  The  nonlinear  transmittance 
threshold  of  CdSe  quantum  dots  was  -3.3  GW/cm2. 

For  the  nonlinear  transmittance  photonic 
application,  the  total  absorption  is  associated  with  linear  and 
nonlinear  absorptions  {a=aQ+pi),  and  the  total  refraction  is 
related  with  linear  and  nonlinear  refraction  (n=n0+yl).  As 
the  incoming  laser  intensity  increases,  the  total  absorption 
and  refraction  of  the  optical  material  is  increased.  Even  the 
weak  incoming  laser  can  be  reduced  or  totally  blocked  by 
the  large  nonlinearity  of  the  optical  materials.  Also,  the 
location  of  the  nonlinear  medium  is  critical  to  the  operation 
of  the  refractive  nonlinear  photonic  device.  A  self-focusing 
nonlinear  photonic  device  works  best  if  the  nonlinear  optical 
medium  is  placed  approximately  at  a  valley  or  at  a  Rayleigh 
range  before  the  intermediate  focus  of  the  device.  Positive 
nonlinear  optical  materials  reduce  the  effective  focal  length 
of  the  focusing  lens,  and  the  laser  beam  in  device  is 
diffracted  further  at  the  exit  aperture.  Hence,  the  nonlinear 
transmittance  is  effectively  reduced  or  blocked.  For  self- 
defocusing  materials,  the  optimum  position  of  materials  in 
the  nonlinear  photonic  device  is  approximately  a  Rayleigh 
range  after  the  focus.  Negative  nonlinear  optical  materials 
diffract  further  the  laser  beam  after  focusing,  because  of  the 
self-defocusing.  Therefore,  the  self-focusing  or  the  self- 
defocusing  effect  in  the  system  results  in  effective  reduction 
of  nonlinear  optical  transmission. 

The  normalized  transmission  after  the  pinhole 
was  measured  as  a  function  of  input  power  intensity  as 
shown  in  Figure  10  for  the  nonlinear  transmittance 
experiment.  The  sample  of  CdSe  quantum  dots  in  toluene 
was  placed  at  z  -  1.2  mm  at  the  near  valley  of  the  closed  Z- 
scan  (figure  6  (a)  transmittance).  The  normalized 

transmittance  after  the  pinhole  depended  on  several 
parameters  such  as  intensity,  nonlinear  absorption,  nonlinear 
refraction,  position  of  sample,  Rayleigh  range,  effective 
length  of  sample,  and  distance  between  the  sample  and  the 
aperture  as  shown  in  equation  (4).  Typical  nonlinear 
transmittance  behaviour  of  CdSe  nanocrystals  in  toluene 
was  shown  in  figure  10.  The  nonlinear  transmittance 
threshold,  which  was  a  half  of  linear  transmittance,  of  the 
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CdSe  quantum  dots  was  ~3.3  GW/cm2.  The  laser  power 
after  pinhole  was  effectively  reduced  or  blocked,  when 
the  sample  CdSe  quantum  dots  was  placed  around  the 
valley  area  of  the  Z-scan  measurement,  because  of  an 
increase  in  total  absorption  and  total  refraction  as  well 
as  a  large  phase  change  with  increasing  the  input 
intensity. 

4.  CONCLUSIONS 

In  conclusion,  CdSe  quantum  dots  with 
average  size  at  the  near  Bohr  radius  were  synthesized 
using  a  colloidal  chemical  reaction.  The  CdSe 
nanocrystals  exhibited  strong  blue  shift  and  discrete 
energy  states  which  were  significantly  modified  from 
bulk  crystals.  Z-scan  spectroscopy  revealed  that  positive 
nonlinear  absorption  and  negative  nonlinear  refraction  of 
CdSe  quantum  dots.  The  hyperpolarizability  of  CdSe 
colloidal  quantum  dots  with  resonant  excitation  was 
almost  two-order  bigger  than  that  with  nonresonant 
excitation.  Therefore,  the  positive  nonlinear  absorption 
with  resonant  excitation  implies  the  existence  of  an 
electronic  two-step  absorption  process  and  the  larger 
absorption  cross-section  of  excited  state  than  that  of 
ground  state.  It  is  well  known  that  resonant  excitation 
enhances  the  third-order  nonlinearity  significantly  since 
many  processes,  such  as  electronic  processes  of  two-step 
absorption  or  electronic  polarization  effect,  nuclear 
processes,  and  even  thermal  processes,  may  contribute  to 
the  optical  nonlinearity  significantly.  The  possible 
thermal  effect  under  long  pulse  laser  irradiation  is  a 
disadvantage  for  the  photonic  device  applications.  The 
hyperpolarizability  ratio  yh  lyh  of  pure  CdSe 

nanocrystals  with  either  resonant  or  nonresonant 
excitations  was  -0.34  which  indicated  a  large 
contribution  of  the  electronic  polarization  process  to  the 
cubic  nonlinearity  of  CdSe  quantum  dots.  The  reduction 
threshold,  which  was  a  half  of  the  linear  transmittance, 
of  CdSe  quantum  dots  was  -3.3  GW/cm2. 
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Goals  and  Applications 


■  Goals 

-  Development  of  CdSe  nanoscale  materials  with  large 
optical  nonlinearity  and  high  nonlinear  figure  of  merit 

-  Utilization  of  the  nanoscale  materials  for  nonlinear 
photonic  applications 

■  Applications 

-  Nonlinear  Transmittance  Device 

•  Homeland  security  and  battlefield  enhancement 

•  Optical  pulse  power  shaping 

-  All-optical  switching 

•  Ultrafast  nonlinear  response  time 

-  Passive  Q-Switching 

•  Saturable  absorption 

-  Biomedical  Applications 


Experiment  Setup 

for  Semiconductor  Nanocrystal  Synthesis 
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■  Strong  blue-shift  of  optical  bandgap 

-  Bulk:  CdTe  (Eg  -  863  nm),  CdSe  (Eg  ~  714  nm),  and  CdS  (Eg  ~  513  nm) 

■  Confinement  of  electrons  in  dot  boundary 

-  Atomic-like  discrete  energy  states  (multiple  absorption  peaks) 

-  Bulk  crystals:  continuous  energy  states 

■  Surface  effects  of  many  atomic  vacancies  and  defects  on  the  surfaces 
in  the  different  local  environments 

■  Quantum  confinement  and  surface  effects  modify 

-  Optical  absorption,  photoluminescence 

-  Nonlinear  Optical  Properties 
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■  Plotting  with  weak  confinement  model 

■  For  bigger  than  ~4  nm  quantum  dot  size 

->Energy  spacing  1st  &  2nd  ab.  peaks:  less  than  50  meV 


■For  ~  2  nm  quantum  dot  size 

->  Energy  spacing:  more  than  a  couple  of  hundred  meV 
->  No  2nd  peak  of  ex.  ab.  are  shown  in  the  limited  sp.  re. 


■Ref.:  S.  Gaponenko,  Nanoscale  linear  and  nonlinear  optics,  edited  by  M  Bertolotti,  er  al. 


■  aB  (CdTe)  ~7  nm,  aB  (CdSe)  ~5.6  nm,  aB  (CdS)  ~1 .8  nm 


Introduction  of  Nonlinear 

Spectroscopy 


■  Z-scan  Spectroscopy 

-  Sign  and  Magnitude  of  Nonlinear  Absorption  (SA  or  RSA) 
and  Nonlinear  Refraction 

■  Four  Wave  Mixing 

-  Magnitude  of  Nonlinearity,  Identification  of  Nonlinearity 
Order,  Hyperpolarizability,  Polarization-  and  Temperature- 
resolved  Nonlinearity 

■  Nonlinear  Transmittance  Spectroscopy  ( l-scan ) 

-  Development  of  Saturable  Absorbers 

-  Development  of  Optical  Power  Limiters 


Induced  Polarization 
to  Electrj  c  Field 


First  term,  x(1)E: 

-  linear  absorption  &  emission 

Second  term,  x(2)EE  : 

-  2nd  order  nonlinearity 

•  Frequency  doubling 

•  Frequency  sum/difference  generation 

•  Pockels  cell  effect 

Third  term,  x(3)EEE  : 

-  3rd  order  nonlinearity 

•  3rd  harmonic  generation 

•  Raman  Scattering 

•  Self  focusing  or  defocusinq 

•  Optical  Phase  Conjugation 


P:  induced  polarization  of  medium 

-  e0:  dielectric  constant  of  vacuum 

-  E:  electric  field 

-  x(i);  succeptibility  of  ith  order 


X =  Re  x ^  +ilmx 
(2)  4  ? 

Rer  =~n0£0  C'Y 
Im  =  J-n$Soc  •  Xp 


(V 


3  71 


X 


(V 


=  ^j{Rex^f  +  (/m^3y>)2 


n  =  nQ+/I 

a  =  a0+  pi 

A<Pn(  t )  =  kyl  „(  t  )Lt,ff 

A'F0(t)  =  pi0(t)Leff/  2 


Expectation  of  Large  yj3>  Effect  in 

Nanoscale  Materials 

■  Quantum  confinement  and  size  effects 

-  Bandgap  blue-shift  with  smaller  size 

-  Creation  of  discrete  energy  states 

■  Surface  effects 

-  by  many  atomic  vacancies  and  defects  on  the  surfaces  in  the 
different  local  environments 

-  Longer  lifetime  at  the  surface  trapped  state 

-  Strong  surface  plasmon  resonance  (Nanometals) 

■  Possible  inversion  symmetry  of  nanoscale  materials 

-  Non/weak  x(2)  effect  by  center  of  inversion  symmetry 

-  Even-order  NL  susceptibility  is  forbidden  for  inversion  symmetry 

•  With  symmetry  inversion;  E  -E,  P  -P: 

-P  =  S oX(2>  (-E)(-E)  =  P^P  =  0  [x(2m>  =  o) 

-  like  isotropic  gases,  liquids,  and  crystals  of  symmetry  class  432 

-  Nonlinear  susceptibility  of  nanoscale  materials: 

P  =  e0  (/U£  +  /1)E2  +(0)e3 ...) 

x  =  x(1)  +  z(Ve2+x(5)e4+ - 


Z-scan  Nonlinear  Spectroscopy 


■  Allows  determination  of  both  sign  and  magnitude  of 
nonlinearity 

■  Simple  nonlinear  spectroscopy  technique  using  a  single 
Gaussian  beam 

■  Transmittance  depending  on  the  sample  z-position  with 
respect  to  the  focal  plane  of  beam  propagation 

■  Transformation  of  the  phase  distortion  to  the  amplitude 
distortion  for  a  beam  propagating  through  a  nonlinear 
medium 

■  Problems 

-  Scattering  effects  to  the  open  and  closed  Z-scan  signals? 

-  Induced  thermal  effects  with  long  scanning  time  (-several 
minutes)  or  high  repetition  pulse  excitation 

-  More  serious  problems  with  thermally  sensitive  materials 

-  Difficulty  with  temperature-resolved  nonlinearity  spectroscopy 


Nonlinear  Z-scan  Spectroscopy 


Gaussian 

laser 

bearfT  ”  ' 


Aperture 


D — 

Detector 


I 


focusing 

positive  nonlinearity 


Closed  Z-scan  Spectroscopy 


Nonlinear  Transmittance  for  Open  & 
Closed  Z-scan  Spectroscopy 

transmittance 

pI(t)=nw10i0(t)/ 2  :  incident  power 

pT(t)  =  cs0n0n\r“  \Ea(r, t )f  rdr  :  transmitted  power 

s  =  i-exp(-2ra  /w*)  :  linear  transmittance  of  the  aperture  for  a  Gaussian  input  beam 

■  Open  Z-scan  (S=1)  Spectroscopy 

q(r,z,t)  =  pi(r,z,t)Leff,  q<  1 

Le/f  =  ^~e  a :  effective  length 
zQ  =  kwl  / 2  :  Rayleigh  length,  w0:  beam  radius  at  focus 
-  Fitting  this  equation  to  the  experiment  data  ->  estimate  the  nonlinear  absorption  p 


Using  the  nonlinear 


T  = 


Co  PT  (Odt 


Sexp(aL)j^Pj(t)dt 


Closed  Z-scan  (S«1)  Spectroscopy 


Tm(z,S  «1)  =  1- 


4A00x  +  q(  3  +  x2)  4  AO  2  (5  -  3x2 )  -  8A00^x(9  +  x2  )  -  q2  (40  +  17x2  +  x4) 


(1  +  x2)(9  +  x2) 


(1  +  x2  )(9  +  x2  )(25  +  x2  ) 


AO0(t)  =  kyI0(t)Leff,  A  P0(t)  =  pi0(t)Leff  /2, 


f  1V 


x  =  - 


z  +  - 


2  2  'N 

d -z 


for  d  »  z0 


d :  propagation  distance  from  the  sample  to  the  aperture  plane 


-  Sensitivity  of  ATP.V  increases  for  smaller  linear  transmittance  of  the  aperture  S  for  same  AO0 

-  Fitting  this  equation  to  the  experiment  data  -^estimate  both  nonlinear  refraction  y  and  NLA  p 

Ref.:  1.  J.T.  Seo,  and  et.  al.,  phys.  stat.  sol.  (c),  1(4),  771  (2004).  2.  J.T.  Seo,  and  et.  al.,  Applied  Physics  Letters,  82(25),  4444  (2003). 


Resonant  and  Non-resonant  Optical 

Nonlinearity 


■  Resonant  nonlinearity 

-  Relatively  slow  response 

-  Two-step  absorption 

-  Relatively  large  nonlinearity 

■  Nonresonant  nonlinearity 

-  Relatively  fast  response 

-  Two-photon  absorption 

■  Reverse  saturable  absorption 

-  Positive  nonlinear  absorption  (P>0) 

-  ESA  >  GSA 

■  Saturable  absorption 

-  Negative  nonlinear  absorption  (p<0) 

-  ESA  <  GSA 


Absorbance 


Z-scara  spectroscopy  of  CdSe  Q-dots  in  toluene 

wlh  resonant  Excitation 


Resonant  excitation 
with  8-ns  Dulse  width  at  532  nm 


■  Average  size  of  CdSe  Q-dots:  -3.5  nm. 

■  First  absorption  peak:  -565  nm 

■  Excitation  for  nonlinear  spectroscopy: 

■  Resonant  excitation  at  532  nm,  8  ns,  10  repetition  rate 

■  Concentration  of  CdSe  Q-dots:  -9. 1 1  x  1 0'3  mol/m3 

■  Peak  intensity  for  nanosecond  &  nonresonant  excitation:  -0.8  -  2.12  GW/cm2 

■  Nonlinear  refraction 

■  Negative  Polarity  (Self-defocusinq) 

■  Magnitude:  y~  -1.94x1  O'17  m2/W 

■  Nonlinear  absorption 

■  Magnitude:  6.50x1  O'11  m/W 

■  Two  step  absorption 


Z-scan  Spectroscopy  of  Toluene 


Wavelength  (mm) 


0  -5  0  5  10 


Sample  position  (mm) 


■  Peak  intensity  for  nanosecond  &  nonresonant  excitation:  -2.12  GW/cm2 

■  Nonlinear  refraction 

■  Positive  Polarity  (Self-focusing) 

■  Magnitude:  y~  4.85x1  O'18  m2/W 

■  Nonlinear  absorption 

■  Magnitude:  p~  0  m/W 

■  Highly  nonlinear  refractive  materials  at  the  laser  intensity  level  of  -2.12  GW/cm2 


Absorbance 


gffadlijve  Third-order  Optical  Nonlinearity 


of  CdSe  Q-dots 


Resonant  excitation 
with  8-ns  pulse  width  at  532  nm 


Wavelength  (nm)  Sample  position  (mm) 


X 


(3) 


=  '(Rez<3))2  +(lm/<3))2 


Average  size  of  CdSe  Q-dots:  -3.5  nm. 

First  absorption  peak:  -565  nm 
Excitation  for  nonlinear  spectroscopy: 

■  Resonant  excitation  at  532  nm,  8  ns,  10  repetition  rate 
Peak  intensity  for  nanosecond  &  resonant  excitation:  -2.12  GW/cm2 
Nonlinear  refraction 

■  Negative  Polarity  (Defocusinq) 

■  Nonlinear  refraction  polarity  of  CdSe  Q-dots  in  toluene 

■  Magnitude:  y~  -9.55x1  O'18  m2/W 

Nonlinear  absorption 

■  Magnitude:  j3~  4.49X10'11  m/W 

■  Two  step  absorption  where  sbulk  =  6.2,  D  is  the  size  of  the  QDs 

3rd-order  nonlinear  susceptibility:  \^3)  \  ~  1.89x1  O’19  m2/V2  (-1.35x1  O’11  esu) 


4  1 

where  Rej(3)  =~n2CdSe£0c-y,  and  Im/3)  =  —  nCdSesbcX-[i 
3  3  n 


nCdSe  ~  + 


1  + 


\£bulk  0 


0.75 
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,1.2 


Effective  Nonlijnear  Absorption  and  Refraction 
Coefficients  of  CdSe  Nanocrystals 


Nonresonant  excitation  at  775  nm  with  150-fs  pulse  width 


CdSe 

D-3.0  nm,  C~2.8x1CT 

- D-3.7  nm,  C~1.5x1CT 

-D-4.3  nm,  01.0x1  O'2 

Nonresonance  Excitation 
with  150  fs  at  775  nm 


mol/m 

mol/m3 

mol/m3 


Nonresonance  Excitation 
with  8  ns  at  1064  nm 
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CdSe,  D-4.3  nm 
Excitation:  -775  nm, 

■  Closed  Z-scan 

4.13x10‘21m2/W 
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Femtosecond 

Nonresonant 


CdSe,  D-4.3  nm 
Excitation:  -775  nm,  -150  fs 
■  Open  Z-scan 
- P~4.82x10'14m/W 


-10  0  10 
Sample  position  (mm) 


■Resonant  excitation  at  532  nm  with  8-ns  pulse  width 


Wavelength  (nm) 


Sample  position  (mm) 


Sample  position  (mm) 


■  Lager  nonlinearity  with  resonant  &  longer  pulse  excitation 

-  Two-step  absorption  is  much  stronger  than  two-photon  absorption 

-  Existences  of  multiple  NL  processes  in  longer  pulse  width 


Four-Wave  Mixing  (FWil) 


■  Magnitude  of  nonlinearity 

■  Identification  of  nonlinearity  Order 

■  Hyperpolarizability  by  investigating 
concentration-resolved  nonlinearity 

■  Polarization-resolved  nonlinearity 

■  Temperature-resolved  nonlinearity 

■  Problems 

■  No  sign  of  nonlinearity 

■  No  indication  of  nonlinear  absorption  or 
refraction 

■  No  information  of  sample  position  for  optical 
power  limiter  development 


Concept  of  Forward  Degenerate 

Four-Wave  Mixing 


k 


CO,  —  C0-,  —  CO^  —  C0A  —  CO 


■  k^  Strong  pump  beam 

■  k2:  Weak  probe  beam 

■  Creation  of  dynamic  grating  in  the  sample  by  k1  and  k2  interaction 

■  Diffraction  of  k1  by  the  grating  creates  the  signal  of  FWM 

■  Signal  beam:  2krk2  >  2k2-k1  ->  Nonlinearity  information  of  sample 

■  Signal  Intensity  Is=alt3  ->cubic  nonlinearity 


Magnitude  of  Nonlinearity  by 

Four-Wave  Miixung 


■  Nonresonance  excitation 


■  Resonance  excitation  a> 

■  Sample  condition:  al  ^ 


■  Reference  Sample  (CS2) 

■  Reference  thickness:  L~  1 .0  mm 

■  Linear  refractive  index:  n  ~1 .63  b) 

■  ^3)  ref=~9.5x10-21  m2/V2  at  532  nm  and  8  ns  c> 

■  References 

a)  X.  Zhan,  Y.  Liu,  D.  Zhu,  X.  Liu,  G.  Xu,  and  P.  Ye,  “Large  third-order  nonlinear  optical  response  of  a 
conjugated  copolymer  consisting  of  2,5-diethynylthiophene  and  carbazole  units”,  Chem.  Phys.  Lett.,  343, 
493(2001). 

b)  B.  Illine,  K.  Evain,  and  M.  L.  Guennec,  “A  way  to  compare  experimental  and  SCRF  electronic  static  dipole 
polarizability  of  pure  liquids”,  J.  Mol.  Struct.  (Theochem)  630,  1  (2003). 

c)  P.  Wang,  H.  Ming,  J.  Xie.  W.  Zhang,  X.  Gao,  Z.  Wu,  and  X.  Wei,  “Substituents  effect  on  the  nonlinear 
optical  properties  of  C60  derivatieves”,  Opt.  Comm.  192,  387  (2001). 


Investigation  of  Hyperpolarizability 
by  Concentration-resolved  FWM 

Purrm.  k1 

Probe,  k2^^  Sample  Signal,  2krk2 

iThird-order  nonlinearity  with  a  reference  material 
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iConcentration-resolved  third-order  nonlinearity 

Zm=f4N'{r*)c  =  (slope)C 

iHyperpolarizability 


r  = 


illnit  conversions 


x 


(3) 


m 

V7 


.57 


slope 

7X’ 

4^x10" 


/= 


_ matrix _ 

nLP„  +  2nL,nx 


■X0)[esu\  (r 


nr 

V7 


,si 


4;rxl0 


-14 


9 


Polariiat j  on-resolved  FWOVJ 
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Macroscopically  isotropic  media 
■  Electronic  polarization  process 
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Continued  DFWM 
(up  to  third-order) 
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Continued  DFWM 
(up  to  fiftfo-ord«r) 


Continued  DFWM 
(up  to  fifth-order) 
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Cubic  Dependence  Investigation  of  DFWM  Signals 

of  CdSe  Q-Dots  (-3.5  nm) 
with  Resonant  Excitation 


Resonant  excitation 
with  8-ns  pulse  width  at  532  nm 


Resonance  Excitation  a> 
o 

with  8  ns  at  532  nm 


CdSe  Q-dots,  D-3.5  nm 

- 9.88x1  O'03  mol/m3 

- 4.83x1  O'03  mol/m3 

2.38x1  O'03  mol/m3 
- 1.22x1  O'03  mol/m3 
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■  Resonant  excitation  at  532  nm,  8  ns,  10  repetition 

■  Input  peak  intensity  level:  -10-100  MW/cm2 

■  Slopes  of  both  parallel  and  orthogonal  polarizations:  -  3 

■  indicates  dominant  third-order  nonlinearity 


Effective  x(3)  of  CdSe  Q-Dots 

with  Nanosecond  Fiesonant  Excitation  @532  nm 

1 0°  f  Toluene  (%<3>  l%{3)  =0.72) 

x/v'  xvvx  ^  xxxx  7 


Effective  Resonant  Third-order  Nonlinearity 

and  Hyperpolarlzability  of  CTJSe  O-Dots 

Resonant  excitation 


with  8-ns  pulse  width  at  532  nm 

CdSe  Q-dots,  D-3.5  nm  r 


Resonance  Excitation 
with  8  ns  at  532  nm 

CdSe  Q-dots,  D-3.5  nm 
- 9.88x1  O'03  mol/m3 
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■  Input  peak  intensity  level:  -10-100  MW/cm2 

■  %(3)  effect  of  matrix  (toluene)  was  substracted 

■  HyperpolarizabiNty . 

-  Parallel ’polarization  . 

.•***  -2.23*1 0‘40  m5/V2  (~1 .59x1  O'26  esu)'\ 

-  (Orthogonal  Polarization 

-7.58*1  O'41  m5A/2  (~5.43*10-27  esg)-*’ 

■  X(xyyx  /^Sr0.34*:Tdfgecontri brutto'n  of  electronic  process  to  the  x(3) 


Effective  Nonesonant  Third-order  Nonlinearity 
and  Hyperpolarizability  of  cdSe  Q-Dots 

Nonresonant  excitation 
with  8-ns  pulse  width  at  1064  nm 
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Parallel  DFWM 
■  C=  1.43x1  O’2  mol/m3 
•  C=9. 140x1  O’3  mol/m-3 
A  C=5.74x1  O'3  mol/m3 


10" 


■  Slope=3.04 
•  Slope=3.05 
A  Slope=3.00 
T  Slope=3.02 
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Orthogonal  DFWM 
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CdSe  Q-Dots 
■  Parallel  polarization 
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Concentration  (10'2  mol/m3) 


■  Input  peak  intensity  level:  ~1  GW/cm2 

■  Cubic  dependence  of  signal  to  the  input 
intensity  ->  third-order  nonlinearity 

■  %(3)  effect  of  matrix  (toluene)  was  substracted 

■  Hyperpolarizability . 

-  Parallel ‘polarization  . • 

.*•**  ~1 .43*1  O'42  m5/V2  (~1 .02x1  O'28  esu)\ 

-  Qrthogonal  Polarization 

’'•.74.76x10^  m5/V2  (~3.41x10-29  esu).**’ 

■  Zxyix  /  zixxx~  0*33:  ‘large  jcontri  bwtion*  of  electron  ic 

process  to  the  x(3) 


l-scan  Nonlinear  Spectroscopy 


■  Similar  as  Z-scan 

-  Changing  input  intensity  instead  of  changing  sample 
position 

-  Sample  position  around  the  peak  or  the  valley  of  Z-scan  or 
position  near  the  Rayleigh  length 

■  Provides  optical  power  limiting  properties 

-  Sample  position  near  the  valley  of  Z-scan  spectroscopy 

-  Transmittance  depending  on  the  input  intensity 

-  Phase  distortion  dependant  on  the  input  intensity 


Nonlinear  Transmittance  Device  (NTD) 
for  Homeland  Security  and  Battlefield  Enhancement 


Schematic  Diagram  of  NTD 
(Self  Focusing  (Positive  Nonlinearity)) 


L  S 


A  D 


linear  Absorp 


Absorption: 
Refraction: 
Phase  shift: 


a  =  aQ+  J3I 
n  =  nQ  +yl 

A&0(t)  =  kyI0(t)Leff 
A'F0(t)  =  pi0(t)Leff/  2 


■  Concept  of  NTD 

-  As  laser  intensity  increases 

•  Total  absorption,  total  refraction  and  phase  shifts  are  increased. 

•  Results  in  no/weak  transmittance  to  the  detector  or  human  eye 


■  Requirement  of  NTD 

-  High  transmittance  at  very  low  intensity 

-  No  transmittance  at  high  intensity 

-  High  Nonlinear  figure  of  merit 

ref.:  J.T.  Seo,  Q.  Yang,  S.  Creekmore,  D.  Temple,  K.P.  Yoo,  S.Y.  Kim,  A.  Mott,  M.  Namkung,  and  S.S.  Jung, 
“Large  pure  refractive  nonlinearity  of  nanostructure  silica,”  Applied  Physics  Letters,  82(25),  4444  (2003). 
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FBI  Probes  More  Lasers  Shot  at  Airplanes 

FBI  and  Homeland  Security  Department  sent  a  memo 
to  law  enforcement  agencies  in  Nov.  2004: 

They  had  evidence  terrorists  have  explored  using  lasers  as  weapons 

By  LESLIE  MILLER,  A&sociat&cf  Press  M/r/ter 

Washington  -  At  least  a  dozen  cases  of  lasers  being  beamed  into  aircraft  cockpits  since  Christmas  are 
being  investigated  by  the  FBI.  The  lasers  can  temporarily  blind  pilots.  A  cluster  of  incidents  received  wide 
attention  between  Christmas  and  New  Year's  Day,  and  the  FBI  says  at  least  four  more  have  occurred  in 
the  past  week.  Authorities  have  continued  to  rule  out  terrorism.  Transportation  Secretary  Norman  Mineta 
was  briefing  reporters  Wednesday  about  the  issue  at  the  Federal  Aviation  Administration's  aeronautical 
research  center  in  Oklahoma  City.  Mineta  was  expected  to  announce  new  measures  for  alerting  pilots 
and  preparing  them  to  react  when  lasers  are  shined  at  their  aircraft.  He  was  also  expected  to  outline  ways 
to  notify  law  enforcement  investigators  more  quickly.  Last  week,  a  pilot  told  law  enforcement  officials  that 
a  green  light  appeared  on  the  nose  of  his  aircraft  as  it  was  taking  off  from  the  Burbank,  Calif.,  airport.  "To 
our  knowledge  there  was  no  danger  to  the  aircraft/1  said  Cathy  Viray,  spokeswoman  for  the  FBI  in  Los 
Angeles.  Last  weekend,  two  pilots  near  Washington  Dulles  International  Airport  reported  lasers  beamed 
at  them,  according  to  FBI  spokeswoman  Debra  Weierman.  The  first  incident  occurred  Saturday  and 
involved  a  helicopter  from  the  Fairfax  County  (Va.)  Police  Department;  the  other  happened  Sunday  to  a 
US  Airways  Express  flight.  Weierman  said  the  bureau  was  investigating.  There  have  been  no  arrests  and 
neither  pilot  was  affected  by  the  laser  light,  she  said.  In  Boise,  Idaho,  a  pilot  told  the  FBI  that  someone 
was  possibly  using  a  red  laser  on  a  small  plane  shortly  after  takeoff  Friday  evening,  according  to  Dominic 
Venturi,  the  FBI  supervisor.  "It  did  not  injure  the  pilot  or  any  of  the  passengers  on  board,”  Venturi  said: 
adding  the  FBI  believes  it  has  identified  the  person  responsible.  "We  feel  confident  it  is  not  related  to 
terrorism T  he  said. 

Beginning  Christmas  night,  there  were  reports  of  lasers  pointed  at  aircraft  cockpits  in  Cleveland,  Houston : 
Colorado  Springs,  Colo.,  Medford,  Ore.,  and  Nashville,  Tenn.  Many  of  the  reports  described  a  green 
beam.  A  New  Jersey  man  was  arrested  and  charged  last  week  for  aiming  a  green  laser  at  a  small  jet 
flying  over  his  home  near  Teterboro  Airport.  The  man,  David  Banach  of  Parsippany,  said  he  had  been 
using  the  device  to  point  at  the  stars  from  his  back  yard.  That  type  laser  pointer,  which  sells  for  $1  19,  is 
the  most  powerful  that  can  be  used  in  a  public  place  without  government  regulation,  according  to  Big  ha, 
the  company  that  manufactures  it.  It  produces  a  bright  green  beam  that  can  be  seen  up  to  25,000  feet 
away,  and  is  used  by  bird  watchers,  astronomers  and  lecturers  to  point  out  faraway  objects.  The  FBI  and 
Homeland  Security  Department  sent  a  memo  to  law  enforcement  agencies  in  November  saying  they  had 
evidence  terrorists  have  explored  using  lasers  as  weapons.  An  FAA  report  released  in  June  found  that 
even  the  lowest- intensity  lasers  temporarily  impaired  the  vision  of  most  of  34  pilots  who  were  studied  in  a 
flight  simulator. 

Yahoo!  News  Wed,  Jan  12,  2005 

http://story.news.yahoo.com/news?tmpl=story&cid=514&e=4&u=/ap/200501 12/ap_on_go_ot/laser_beam_aircraft 
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Nonlinear  Transmittance  Properties  of 

CdSe  Q-dots 


CdSe  NCs  in  Toluene 

Diameter=4.3  nm 
01.0x1  O'2  mol/m3 
■  at  valley  (Z=-1 .0  mm) 
- Theoretical  fitting 
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Input  Intensity  (GW/cm  ) 


’*••• . Input  intensity  (GW/cm2) . •••’* 


■  Nonresonant  Excitation  with  150-fs  pulse  width 
at  -775  nm 

-  Limiting  threshold:  -100  GW/cm2 


■  Resonant  Excitation  with  8-ns  pulse  width 
at  -532  nm 

-  Limiting  threshold:  -3.2  GW/cm2 


■  Requirement  to  improve  the  power  limiting  effect 


Conclusion 


■  CdSe  Quantum  Dots 

■  Size:  ~3.5  nm 

■  Nonlinear  refraction: 

■  y\  ~  -9.55x1 0-18  m2/W  (resonant  excitation) 

■  Negative  nonlinearity  (self  defocusing)  properties 

■  Nonlinear  absorption: 

■  p\  ~  4.49x1  O'11  m/W  (resonant  excitation) 

■  Two-step  absorption 

■  Hyperpolarizability: 

■  Parallel  DFWM: 

■  <Yh  >  -1.59x1026  esu  (resonant  excitation),  <yhxxxx>  -1.02x1 0‘28  esu  (nonresonant 
excitation) 

■  Orthogonal  DFWM 

■  <Yh  >  ~5.43x1  O'27  esu  (resonant  excitation),  <yh  >  -3.41x1  O'29  esu  (nonresonant 
excitation) 

■  Ratio  <Yhxyyx>  /  <Yhxxxx>  ~0.34  (both  the  resonant  and  nonresonant  excitation) 

■  A  large  contribution  of  electronic  polarization  process  to  the  third-order  nonlinearity  of  CdSe 
Q-dots 

■  Nonlinear  transmittance  effects: 

■  Concentration:  ~9.11  xIO-3  mol/m3 

■  Tansmittance  threshold  of  CdSe  Q-dots:  ~  3.2  GW/cm2  (resonant  excitation) 


